Controllers developed for control of flexible-link robots in hybrid force-position control tasks by a new singular perturbation analysis of flexible manipulators are implemented on an experimental two-robot grasping setup. Various performance criteria are set up and experimental results are discussed within that setting to show tradeoffs in using flexible link robots for grasping. We conclude that large flexibility can be controlled without too much additional effort, has performance comparable to rigid robots and possesses enhancing properties which make it attractive for use in certain types of applications.
Introduction
In this paper we present experimental results on grasping with flexible link robots. The theoretical basis of this work is [ll] where we developed the controllers we use for this experimental study and formally proved their stability.
This work is motivated by the need to decrease the size and weight of robot manipulators while at the same time increasing performance. Examples of some of the applications to which this work applies include space manipulation tasks, where the weight limitations of the manipulator introduce significant flexibilities, and non-invasive surgical techniques, where the size of the manipulator (2-6 mm fingers) and the environment in which it operates make the use of small flexible links a potentially attractive alternative to existing methods. Many micro-and nano-robotic devices too make use of flexible elements as an integral part of their structure [8] .
In addition to understanding the effects of flexible links on manipulation tasks, our research is directed at exploring the benefits of using flexible links in robotic manipulation tasks. It is known that compliance increases the robustness properties of robot manipulators performing constrained motion tasks like grasping. Rather than try to design away flexibilities because they increase the complexity of the system, it is important to try to gain an understanding of how to use flexibilities to increase the performance of a system.
Control of robots with flexible links has so far concentrated primarily on positioning of the end-point of a flexible robot. Control of a single link flexible robot has been investigated at the theoretical as well as experimental level as early as 1984 [l] . The control of multiple-link, flexible robots is considerably more difficult and is an area of active research (see [2] for a survey). Experimental work in this area is particularly difficult to find, in part due to some of the theoretical difficulties inherent in the problem.
Considerably less work is available on the dynamics and control of flexible link robots in contact with the environment. Some initial work has been performed by Latornell and Cherchas, who have studied force and motion control of a single flexible manipulator link [4] . In addition, Kozel, Koivo and Mahil have studied the force relationships between flexible manipulators in contact with their environment [3], Mills has studied the stability of a flexible link manipulator during constrained motion tasks using a singular perturbation approach [6] , and Matsuno, Sakawa, and Asano have studied hybrid position/force control under quasi-static assumptions [5] .
In what follows we present data from an experimental planar, two-fingered setup with both flexible and rigid link robots, using control laws presented in other publications. The aim of experimentation is both to validate the control method, as well as to determine the effect of flexibility and it suitability for certain types of robotic tasks. 
Flexible manipulator control
We briefly describe the controller we use to control our experimental setup. The controller is discussed in detail in [Ill. We shall therefore only mention relevant points in this paper.
In [ll] we analysed a single constrained flexible manipulator as a simplified version of the full grasping problem (Figure 1 ). The extension of the results to the grasping case are fairly straightforward because the dynamic equations of both are similar. Each finger in the grasping setup can be viewed as a holonomically constrained manipulator (except in the case of finger rolling) which is identical to the case of a single manipulator in a constrained motion task.
Finite Link Model
We wish to consider deflections in excess of those to which the linear model applies, but the full nonlinear beam model is not very tractable. Therefore, for our analysis and simulation, we choose to use a finite link model for the flexible link. This model replaces a flexible link with a series of rigid sub-links connected through linear torsional springs, such that the lengths of the sub-links add up to that of the original link.
With appropriate values for the spring constants and damping this model can estimate the actual modes of a flexible beam [12] . Larger numbers of sub-links improve the approximation. For example, it is shown in Zaki and El Maraghi [13] that three sub-links give a good approximation for the first mode of a free cantilever. The number of sub-links required to get good estimates for higher modes would of course be larger. Figure IC shows a two link planar robot finger pushing against a wall. Only the last link is shown to be flexible, corresponding to our experimental setup, and is modeled by breaking the link into three sub-links of equal length. The analysis presented in [ll] applies to robots with all links flexible. The various quantities shown in the figure are described in the next section.
Dynamic Model
We use q E R* to denote the vector of all joint angles, 0 is the vector of actuated joint angles, ! U the vector of unactuated joint angles and X the workspace variables (refer to Figure IC ), i.e.,
The dynamic equation for a manipulator with m constrints is then given by
[ a1 the applied actuated joint torques, diagonal matrix of spring constants diagonal matrix of damping coefficients,
The bottom zeroes in the torque vector are due to the unactuated joints. Also note that X is in this case the actual force of constraint against the wall.
We shall introduce two controllers in what follows.
The second controller is used for the experimentation. The aim is to regulate the end-position of the manipulator to the desired point (X,) and to apply a desired force(X0) against the constraint at the desired point.
J, controller
A singular perturbation analysis 1111 of the flexible manipulator system shows the existence of two time-scales. The fast system stabilises to the reduced manifold and then the system evolves on the slow manifold. The important fact about the slow system is that it is completely determined by the actuated and sensed 0 variables. In what follows we use JcYa = p.
The Jacobian between the configuration space and t f e workspace can be derived as follows for the reduced order system x = g ( 0 , Q(0)) therefore,
Note that J , is a square matrix for a manipulator with number of actuated joints equal to the the number of workspace coordinates (which is the case we are dealing with) and we assume it is invertible in what follows (this is a reasonable assumption). In a real system we can compute J, online from the knowledge of 0 and X using the flexible-sublink model. Denoting the constraint h = 0 in the workspace as s ( X ) = 0, note further that J,x is known and J X O can be computed from the knowledge of the manipulator tip and the positions of its actuated joints. The J* control law is
This is a workspace PD control law with the transpose of the Jacobian J, being used to map the workspace position correction forces to the joint space. The stability of this controller is proved in [ll].
Instantaneous Jacobian controller
We call J x e the Instantaneous Jacobian [ll] of the flexible manipulator because it is the Jacobian of a rigid link robot with the same number of links as the original, with joints at the current actuated joint positions of the flexible robot, and endpoint coinciding with the endpoint of the flexible robot. At each instant a "virtual rigid robot" (shown by the dotted line in the Figure Id) can be constructed and the joint torques for control calculated based on the Jacobian of that robot. This Jacobian would be J X Q . In any robot the application of joint torques based on the Jacobian calculation does not require the shape of the links to be known. Knowledge of the positions of the joints suffices. Therefore, there is some intuitive sense in this control method. The instantaneous Jacobian control law is given by
and is very similar to the J, control law. Though its stability can be proved only after making additional assumptions it is attractive for experimental use as it does not require the shape of the flexible beam or a model for the flexibility. Knowledge of the positions of the joints and the endpoint fo the manipulator suffices. We use this controller for our experimentation.
Grasping Experiments
The theory developed for control of flexible robots was developed in the setting of a single robot manipulator in a constrained motion task. To show that the theory extends to the case of robot manipulation in general (and grasping in particular) we performed grasping experiments with rigid and flexible links on our reconfigurable robotic setup. Figure 2 is a picture of the robotic setup performing flexible grasping. The steel rule in the picture is 6 inches long.
Experimental implementation
A detailed description of the experimental setup is provided in [ll] . The workspace trajectory for the object is generated in software. The actual position of the object is determined from a PolhemusTM six degree of freedom position sensor. The force required for position correction in the workspace is calculated. The values of the forces depend on workspace control implemented. We implemented a simple workspace PD controller to determine the position correction forces in the workspace for the experimental data reported. The internal force specified is added to the corrective force to make up the total workspace force required. Any other control method would work as well, as the instantaneous Jacobian is used only to transform forces from the workspace to the joint space. The corrective joint torques required are calculated from the workspace forces by using the workspace Jacobian of each finger. The Jacobian is a kinematic calculation and depends on the joint angles and the link lengths of the fingers. In case of the rigid robot, the link lengths are constants and the joint angles are directly obtained from the angle encoders at the joints. For the flexible robots the "virtual" lengths and angles of the flexible link are calculated from the information about the joints and endpoints of the robot. In our setup this information was obtained from the angle encoders and the object position sensor. In general it is not required that we have an object position sensor. We only used the knowledge of the object position to calculate the positions of the finger tips. In an application where arbitrary objects are to be manipulated, the tip sensors would be at the tips of each finger. The routines for the calculation of the Jacobian are provided with the actual link lengths and angles for the rigid robot, while the virtual lengths and angles are provided for the flexible calculation.
The joint space torques are translated to motor currents through PWM amplifiers. Due to the tendon drive the two motor torques for each finger are not independent. A further transformation wass required to convert from joint to motor torques. The computational platform used was a IBM-PC compatible, with an Intel40486 processor, running at 66 MHz. The real-time software used for implementation was Sparrow-2.1 [7] . Sensor data is collected at 150 Hz. and filtered digitally in software. The controller was operated at 50 Hz. The bandwidth of each finger was measured to be of the order of 5 Hz. The rigid controller required 1.320 ms for execution while the flexible controller required 1.392 ms.
Description of experiments
As the aim of the experiments includes comparisons of performance of different setups, the experimental procedure is itself of importance in interpretation of the data.
Data was collected while the grasping setup described earlier in this chapter was trying to track a circle of 3 cm diameter at 1/6 Hz. For each experiment, data capture was turned on with the grasping setup tracking the object and regulating the internal force. For the first twelve seconds of data capture (two traverses of the circular path) both the position tracking and the force regulation were kept on (subcycle-A). At the end of the twelve seconds the position tracking was switched off, however the force regulation was maintained for a further two seconds (subcycle-B). At the end of the additional two seconds (fourteen seconds from the beginning of the data capture) the force regulation was turned off too and data was captured for an additional two seconds (subcycle-C). Subcycle-C of the data cycle was used to calculate the "zero"- A typical data cycle is presented in Figure 3 .
During experimentation, the parameters of the circle to be tracked were kept constant. The internal force desired was changed between experimental runs. The actual internal force achieved by the grasping setup varied from run to run due to the nature of the experimental setup. This was however accounted for as described in the foregoing paragraph. At each setting of the internal force, data was taken for multiple sets of gains each of which provided reasonable performance. We present the effect of change in gain in our section on presentation of data. Only the proportional gain was changed. The derivative gain was related to the proportional gain by a time-constant, which was kept at a constant of 0.021s throughout the experimentation.
During experimentation, it was observed that there was significant stiction between the object being grasped and the lucite base plate on which the experimental setup is constructed (refer to [ll] ). To ameliorate these effects we used a Teflon sheet between the lucite plate and the object. Graphite powder was also used as a dry lubricant on the Teflon sheet. Though this resulted in noticeable improvements, the effects of friction and stiction were still significant. This tended to excite modes in the flexible robots. However, as all the controllers had to surmount this and modeling of the effect was very difficult, the problem was treated as an unmodeled behavior of the system that was one test of controller robustness.
Performance Measurement 1 Normdized traLking force
To determine performance a few performance indices were defined. Comparison of controller/flexibility combinations was treated in the framework of these performance indices. We present the performance indices used in what follows. of zero denotes that the fingers were able to maintain a positive internal force on the object through out the motion. Any value above zero indicates that there were times when the fingers were not able to apply any internal force on the object and if unrestrained would have dropped the object.
Average proportional gain (Gkp): This is the average of the workspace proportional error gain used during the experiment. The corrective force applied during the experiment is proportional to the Gkp as the derivative gain is scaled from this by a time-constant. 
Results and Discussion
In this section we present our experimental results and discuss them within the framework of the performance indices mentioned in the previous section. We performed experiments with four different sets of links with different flexure. Data was collected for different internal forces and multiple runs were made for each internal force, link set combination. The particulars of the link sets are presented in Table 2 , in order of increasing flexibility. The last link is extremely flexible and during grasping we could bend it much beyond the linear range. None of the flexible link robots (including Flexible 1) could be controlled by the rigid robot controller, at any setting of the internal force.
Results for a single link set
In addition to the comparative presentation of data, it is interesting to look at the behavior of flexible links in hybrid force/position control tasks. Results for the link set "Flexible 2" (refer to Table 2 ), during one data cycle are presented. Figure 4 shows the virtual length and deflection of the flexible beam during an experimental run. Data is presented at one second intervals. It was assumed during the calculation of deflection, that the beam bent symmetrically in a circular arc. In actual practice this is not true and the beam bends much more at its base than at its tip. Therefore the data for deflection presented here must be considered conservative.
It is observed that the virtual length of the link does not change by very much and is close to the original length of the unflexed link. However the resultant deflection of the tip suffered by the flexible link is substantial, up to 90% of its length. The linear beam theory does not apply in this regime. The amount of the deflection makes clear the reason why a "rigid controllern will not suffice. The rigid controller would work under the assumption that the tip of the flexible link was at the tip of the unflexed link, which in reality can be very far away from the actual tip. In our experiments, the rigid controller was not able to control even the "Flexible 1" link set: the stiffest of the flexible link sets. Therefore, to be able to control flexible links of the order of flexibility we have used and experimented with, the controller has to consider the flexibility in its control action.
Overall trends in tracking data
We now present the full data for all the link sets together to determine the overall trends.
The effects of increasing internal force are presented in Figure 5 . As can be seen, the errors in force, as measured by any of the performance indices, relative to the internal force being applied decrease significantly as the internal force is increased. However, the trend is very well behaved in case of the flexible fingers. The rigid fingers do as good a job of regulation of force in terms of the absolute error (as measured by Fez) but can do significantly worse in the other measures. This means that though they might on the average control the force as well as the flexible robots, the contact forces they apply can be very erratic, thereby leading to the chance of dropping the object (Figure 5c ). It is interesting to note that the best performances in either index were attained by the rigid robot (a zero in either index indicates the best performance, not a perfect performance). However, this was at the expense of the other index. As is evident, good performance in one index leads to worse performance in the other. Thus the question of better position tracking performance can only be answered in an application specific context. There is an area in the middle of the graph which we can consider acceptable performance in terms of both indices. The rigid fingers can provide much better than acceptable performance in the two norm error at the expense of being more erratic (increased "jittery" tracking). Notice that the flexible fingers tend to clump around the region of acceptable performance in both and exhibit performance very similar to the rigid fingers in the region in which they work. Indeed, from this figure it is evident that depending on what exactly our specification of position performance is we can get a different answer to the question of the better setup for the task.
The proportional gain in the workspace PD control provides the workspace position error correction force. In our control laws (as mentioned previously) the proportional gain was used to scale the derivative gain too, via a time-constant which was kept constant for all the Figure 7) show that Pez performance gets better with increasing gain, as expected. f i r t h e r , as the gain was increased the flexible fingers achieved better P,, performance relative to the rigid fingers at the same value of the gain. Of course, the rigid fingers were able to achieve a much better overall Pe2 performance with very high gains. The Phf2 performance is degraded for all the link sets with increasing gain. At low gains the rigid fingers outperform the flexible. The Fhfz force performance shows a slight worsening with increasing gain. However, at high gains the rigid fingers can do extremely poorly indeed. In actual experimentation the flexible fingers could not be operated at very high gains. The maximum gain which could be applied to the flexible link fingers increased with increase in stiffness of the links. Another perspective of the overall performance of the grasping setup is obtained by considering the position error correction force. The separation between the rigid and the flexible fingers is very apparent in Figure 8. A lower &,. is preferable because in real systems we always have actuator saturations. From the graphs it is quite evident that the rigid robot consistently required more position correction force than the flexible. Note that this did not always translate to better position control performance -for the rigid robots (Figure 9) , especially in terms of Phf,. Also interesting to note is the somewhat layered appearance of the graph in Figure 8 , in that the more flexible links appear at lower positions in the graph. Partly, this reflects the lower gains used for the flexible links. However, the performance in position tracking also matters.
The Case for Flexibility
We have demonstrated through experiments that significant structural flexibility in manipulators can be controlled. The control methodology based on our analysis of a constrained flexible manipulator is able to perform satisfactorily in grasping situations as well. The flexibilities considered and experimented with are significant, and beyond the ability of the rigid controller to control. The additional requirements for the flexible controller to work are a sensor for the object position (or finger tip positions) and a marginally increased computation time on typical computation hardware. Analysis of experimental data shows that rigid link robots can perform better than flexible ones in reducing absolute error in position. However, this is achieved only at high position correction forces. At these high position correction gains the performance of rigid link robots is not very robust and there is degradation in internal force regulation. At comparable values of position control gains flexible link robots perform better than rigid link robots in control of absolute position errors. With increase in the internal force there is a strong trend of improvement in force regulation performance relative to the internal force. Lowering of the internal force can cause force performance of rigid link robots to become unpredictable, in terms of any of the performance measures. At any value of the internal force the rigid robot outperforms the flexible in terms of the absolute position error, but can show variable relative performance. The flexible link robots perform better in the high frequency measure at almost all internal forces.
In light of the above, flexibility seems to be most advantageous in low internal force grasping tasks, in which rigid link robots show unpredictable behavior. In general flexible link robots show more robust behavior and follow trends more reliably. Actuator saturation is another scenario where the use of flexible link robots is attractive, as they achieve comparable absolute position tracking and better high frequency position tracking with lower actuation effort.
Coupled with the motivatory factors mentioned in the introductory section, the above makes a strong case for using flexible link robots in manipulation tasks, especially, as control of these robots in hybrid force/position tasks can be achieved with relatively simple, non computationally intensive modifications to existing workspace control laws.
Future long term experimental work envisaged includes implementation of three-dimensional grasping. In addition to being closer to real-world applications this would get rid of the friction and stiction problems. Implementation of the J , control law is a more short term goal. We could not implement it so far due to drift in our tip force sensors.
